Abstract-An integrated circuit for wireless real-time monitoring of neurochemical activity in the nervous system is described. The chip is capable of conducting high-resolution amperometric measurements in four settings of the input current. The chip architecture includes a first-order ∆Σ modulator (∆ΣM) and a frequency-shift-keyed (FSK) voltage-controlled oscillator (VCO) operating near 433 MHz. It is fabricated using the AMI 0.5 µm double-poly triple-metal n-well CMOS process, and requires only one off-chip component for operation. Measured dc current resolutions of ∼250 fA, ∼1.5 pA, ∼4.5 pA, and ∼17 pA were achieved for input currents in the range of ±5, ±37, ±150, and ±600 nA, respectively. The chip has been interfaced with a diamond-coated, quartz-insulated, microneedle, tungsten electrode, and successfully recorded dopamine concentration levels as low as 0.5 µM wirelessly over a transmission distance of ∼0.5 m in flow injection analysis experiments.
I. INTRODUCTION

R
APID long-distance communication in the nervous system primarily occurs via electrical impulses. At the junctions between nerve cells, however, synapses communicate through the release and uptake of biochemical molecules called neurotransmitters [1] , [2] . Elicited from the presynaptic neuron by the action potential, released neurotransmitter diffuses toward the postsynaptic neuron and binds to specific protein receptors, eliciting a change in the physiological status of the target neuron that ultimately determines the probability of whether a new action potential will be generated.
Abnormal variations of the physiological levels of neurotransmitters within the brain and nervous system have been linked to several neurological disorders such as Alzheimer's and Parkinson's disease, and epilepsy [3] . Many neuroactive substances, such as therapeutic drugs (e.g., Zoloft) and drugs of abuse (e.g., cocaine) act by changing neurotransmitter levels at synapses, or by mimicking the actions of neurotransmitters at postsynaptic receptors. Moreover, much of the plasticity of the nervous system, which underlies learning and memory, is due to modifications of chemical synapses. Many of the biogenic aminergic systems, such as those that release dopamine or serotonin, provide outputs to large regions of the brain that affect mood, learning, and cognition [4] . Hence, understanding brain function on a fundamental level requires measurements of both electrical and chemical activity; this would provide a more holistic image of neural signal pathways, which might be of great benefit to physicians to better understand neuronal communication for more effective clinical treatments [5] .
One major component of such technology for simultaneous monitoring and manipulation of electrical and chemical neural activity would be an electrode capable of both recording and stimulation. Implantable, biocompatible, robust, multifunctional microprobes capable of electrophysiological and chemical sensing in the brain must be developed. These implanted electrodes would monitor, e.g., the real-time extracellular concentration variations of neurotransmitters such as dopamine, a deficiency of which is found in patients with Parkinson's disease [6] .
Another major component of such technology would be a low-power, multichannel, wireless microsystem that can be interfaced with the aforementioned electrodes to condition, process, and wirelessly transmit the recorded electrical and chemical neural signals from inside the body to the outside world. Wireless operation would eliminate the need for the cable link between the subject and the recording equipment, which is believed to adversely affect the behavior and to exclude experimental models involving complex or enriched environments [7] , [8] . Very-large-scale integration (VLSI) using standard CMOS technology offers the potential for rapid, low-noise, multichannel, distributed sensing and measurement of electrical action potentials and neurochemical signals, using a low-power microsystem with a small form-factor suitable for long-term implantations.
This paper reports on developing sensor and wireless circuit technologies for neurochemical monitoring in the nervous system. Section II presents the development of diamond-coated microneedle electrodes for neurosensing, while Section III discusses the architecture of the wireless interface chip. Section IV presents detailed measurement results from benchtop and flow injection analysis experiments. Finally, Section V draws some conclusions. 
II. DIAMOND-COATED MICROELECTRODES
To analyze neurotransmitters by neurochemical monitoring, electrochemistry has been used as a rapid sensing technique that can directly detect electroactive neurochemical messengers. Electrochemistry involves bidirectional charge transfer between an electrode and a sample in solid or liquid phase, with the applied electrode potential providing energy for an electron transfer (i.e., a chemical reaction) to occur [9] . The chemical reactions occur at the electrode's surface or very short distances away within the probed sample volume, and the resulting charge transfer or current is measured. The measured current depends on the material properties and geometry of the electrodes as well as the concentration of the electroactive neurotransmitter, i.e., the target analyte. These techniques are attractive due to their high sensitivity, rapidity, and ability to perform distributed measurements.
For electrochemical detection of neurotransmitters, researchers have previously used gold electrodes, carbon-fiber microelectrodes, and microfabricated, screen-printed, polymermodified carbon sensor arrays [10] , [11] . Conductive diamond has emerged as a potentially superior electrode biomaterial. It is chemically and mechanically robust with a low baseline current, allowing long-term use and greater sensitivity for detecting lower analyte concentrations. The investigation of new chemistries is also possible due to diamond's wide-potential window of water stability. In addition, diamond's predictable surface chemistry discourages adsorption and oxygen reduction [12] , [13] .
In this paper, heavily conductive, boron-doped, polycrystalline diamond has been selectively deposited onto individual polished tips of tungsten microelectrodes, as shown in Fig. 1 , using standard hot-filament chemical vapor deposition (CVD). Each tungsten microelectrode substrate was fabricated by presealing a tungsten microwire (25 µm diameter) into a pulled quartz capillary, and then, beveling at a 45
• angle to form a coarsely polished elliptical disk. Polycrystalline diamond was selectively deposited for up to 3 h in a standard methane/hydrogen/trimethylboron CVD environment at 20 torr [12] , [14] . The novel needle-like geometry of these diamond microneedle electrodes mimics that of commercially available carbon-and metal-based microelectrodes, and enables implantation with minimal tissue damage. Using the diamond electrodes in vitro, biogenic amines have been electrochemically measured at millisecond time scales, e.g., serotonin in the vicinity of individual identified nerve cells in a marine mollusk Aplysia californica [15] ; in this case, the diamond electrode also separately recorded neuroelectrical activity.
III. INTEGRATED CIRCUIT ARCHITECTURE
Since physiological concentrations of various neurotransmitters are on the order of nanomolar, the neurochemical sensing circuitry typically needs to be able to measure currents on the order of picoamperes to nanoamperes, based on the transduction characteristics of a particular sensor. At the same time, current resolution levels of a few picoamperes might be required. Singleand multichannel integrated interface circuits for amperometric electrochemical biosensors [16] - [21] as well as for cell-based electrophysiological studies in patch-clamp applications [22] have been previously reported. In this paper, an integrated circuit for low-noise current measurements via an active wireless link has been developed that, compared to any previous reports, simultaneously achieves high current resolution and fast conversion speed in four wide-dynamic-range input current settings. This performance is primarily achieved by employing low-noise front-end design techniques on the transmitter side as well as efficient off-chip digital filtering on the receiver side. Fig. 2 depicts the architecture of the proposed wireless neurochemical recording system, comprising an implantable integrated transmitter chip as well as external receiver electronics. On the transmitter side, the analog input current is directly converted to a serial data bit stream using an on-chip, first-order, current-input, ∆Σ modulator (∆ΣM). A low-power radio-frequency (RF) transmitter then sends the resulting digital data to the outside world at a carrier frequency near 433 MHz after Manchester encoding.
The direct conversion of the analog input current to a digital output bit stream alleviates the need for conventional currentto-voltage (I/V ) converters based on operational amplifiers and resistors that can be inherently noisy and nonlinear, and thus unsuitable for low-current sensing applications.
On the receiver side, the encoded data are extracted using a commercially available, wideband, RF-to-IF 2 down-converter followed by custom electronics for IF 2 -to-baseband conversion. The IF 2 filter bandwidth is ±5 MHz centered around 10.7 MHz. Next, a Manchester decoder recovers the original clock and data signals, and a software-based decimation filter provides the final high-resolution digital output.
In this design, the decimation filter for the ∆ΣM is implemented in software on the receiver side. Since the entire digital filtering stage is transferred from the on-chip implantable side to the external receiver side, significant reductions in silicon area and power consumption can be achieved. Moreover, the built-in flexibility of software implementation for the decimation filter allows one to dynamically tradeoff between the required resolution and data conversion speed. Fig. 3 shows the schematic block diagram of the low-power, low-noise, first-order ∆ΣM that lies at the core of the currentmeasuring circuitry. A two-stage operational amplifier featuring a simulated gain-bandwidth product of 1.9 MHz and a phase margin of 68
A. Current-Input First-Order ∆Σ Modulator
• is used in the integrating stage. It consumes ∼10 µA from a 2.6-V power supply. A 5-µW, clocked, binary comparator digitizes the analog output of the integrating stage with a sampling frequency of 130 kHz. The latching clock is delayed by 22.5 • with respect to the comparator clock in order to allow the data to settle prior to latching. In this architecture, reference current sources are the main contributors to the input-referred noise. The current source transistors are laid out as wide-channel matched transistors in a 2-D common-centroid topology to reduce the input-referred offset current and noise that can directly corrupt very-low-current measurements.
The ∆ΣM is designed to operate in four different regions depending on the input current dynamic range. Region A corresponds to the maximum dynamic range of ±600 nA (i.e., ±I ref ). Regions B, C, and D correspond to input current dynamic ranges of ±150, ±37.5, and ±4.7 nA, respectively. In order to maintain [19] , [20] . It should be noted, however, that method (1) cannot be employed arbitrarily, because the achievable offset and noise performances of very-low-amplitude matched current sources are largely process-dependent. As a result, a combination of the two techniques is employed as schematically depicted in Fig. 4 and tabulated in Table I Table I . The ∆ΣM occupies an active area of 420 µm × 210 µm in a 0.5-µm CMOS process and consumes 22 µA from a 2.6-V supply.
B. RF Transmitter
A cross-coupled voltage-controlled oscillator (VCO) circuit for analog frequency-modulated data transmission has been previously reported in [23] . In this paper, we use a similar design with a different tuning scheme for digital frequency-shift-keyed (FSK) transmission, as shown schematically in Fig. 5 . The oscillator tank employs a surface-mount, high-Q, off-chip inductor for low-power operation at a frequency near 433 MHz. The tank switched capacitors are implemented using positive-channel MOS (PMOS) transistors with source/drain/bulk connected to each other. Flexibility in selecting a suitable ∆F for the FSK transmitter is achieved by dividing the capacitors into two sets of binary-weighted elements that can be externally controlled with 3 bits. The negative-channel MOS (NMOS) control switches are optimally sized to reduce their resistance and parasitic capacitance. Using this tuning scheme, ∆F can be varied in the range of 2-14 MHz in steps of 2 MHz. The transmitter bias current I b is externally controllable in the range of 100-500 µA. The VCO occupies an active area of 175 µm × 65 µm in a 0.5-µm CMOS process.
IV. MEASUREMENT RESULTS
A. Benchtop
A prototype integrated circuit was fabricated using the AMI 0.5 µm double-poly triple-metal n-well CMOS process, and measured 2.2 mm × 2.2 mm including the bonding pads. Fig. 6 shows a microphotograph of the fabricated chip. The chip was fully characterized for functionality during benchtop tests using a Keithley 6221 dc/ac current source [24] . Fig. 7 shows the wirelessly measured dc characteristics of the system with the input current varying in the range of 500 fA-600 nA in both positive and negative directions. The system achieved a highly linear response over six decades of the input Fig. 6 . Microphotograph of the 2.2 mm × 2.2 mm chip fabricated using the AMI 0.5 µm 2P/3M n-well CMOS process. Fig. 7 . Wirelessly measured dc characteristics of the system with input current in the range of 500 fA-600 nA. Measured values in each region are normalized to the maximum value of the corresponding region (i.e., 600 nA, 150 nA, 37 nA, 5 nA for regions A, B, C, and D, respectively). High linearity is achieved over six decades of the input current. current. DC current resolutions of ∼17 pA, ∼4.5 pA, ∼1.5 pA, and ∼250 fA were achieved in regions A, B, C, and D, respectively. In this test, the digital output of the system was decimated to 100 Hz at the receiver, and 100 samples were averaged per second to produce a dc current value. Current resolution in each operation region was reported as the measured peak noise on the resulting output current when the input current was lowered to a minimum value that could be measured with an error less than 50%. For example, in region D, the system was able to measure a minimum input current of 500 fA with a resolution of ±250 fA. Fig. 8 shows the system ac response for a 20-Hz, 100-pA pp sinusoidal input current measured wirelessly at 430 MHz with the chip set to operate in region D (±5 nA). The decimation filter bandwidth was set to 50 Hz on the receiver side.
B. Flow Injection Analysis
For neurotransmitter monitoring in flow injection analysis experiments, the fabricated CMOS chip was interfaced with a diamond-coated microprobe as the working electrode (W E ). All measurements were collected in buffer containing 150 mM NaCl and 20 mM HEPES (pH = 7.4). The electrode was placed in a flow cell and buffer pumped at a rate of 2 mL/min. A bolus of dopamine at different concentrations was applied to the flowing stream via a loop injector driven by a pneumatic actuator.
A custom-written LabVIEW program was developed to apply the oxidation-reduction (redox) potential and initiate a chemical reaction. A chloridized silver wire (Ag/AgCl) was used as a standard electrochemical reference electrode (R E ). The resulting current generated at the diamond electrode surface was then wirelessly reported by the chip. The redox potential was chosen where the oxidation current for dopamine was maximum, determined prior to this experiment by fast-scan cyclic voltammetry at the same diamond electrode. For all flow cell experiments, the chip was set to operate in region D (±5 nA). Fig. 9 depicts the static calibration curve (current versus dopamine concentration) obtained in the flow cell for an applied potential of ∼0.8 V versus Ag/AgCl where dopamine oxidation will occur. Dopamine concentration levels of 0.5, 2, 6.5, 10, 20, and 30 µM were applied. As can be seen, a highly linear response was achieved in a truly wireless measurement. Fig. 10 shows the dynamic plot (dopamine current versus time) with a dopamine concentration level of 20 µM injected into the flow cell.
The rise and fall time instances within this temporal profile correspond to when dopamine injection was turned ON and OFF, respectively (i.e., 15 s bolus); these timestamps are offset from the actual increase and decrease of dopamine due to an inherent lag in the flow cell before electrolyte reaches the electrode.
Finally, Fig. 11 depicts the same plot with dopamine concentration level of 0.5 µM injected into the flow cell, resulting in a measured peak dopamine current of ∼33 pA. Table II summarizes the measured performance of major circuitry and Table III TABLE II  SUMMARY OF MEASURED PERFORMANCE CHARACTERISTICS   TABLE III  RECORDING CHIP PERFORMANCE COMPARISON compares the overall chip performance with that in recent published work.
V. CONCLUSION
In this paper, we reported on technology development at the sensor and circuit levels for wireless neurochemical monitoring using amperometry. Robust, versatile, implantable, microneedle electrodes were fabricated by chemical vapor deposition of highly conductive diamond onto the polished tip of a tungsten microelectrode. Moreover, integrated CMOS electronics were developed for conditioning and wirelessly transmitting the electrochemical signals corresponding to extracellular concentration variations of target neurotransmitters. Dopamine, a major electroactive neurotransmitter, with concentration levels as low as 0.5 µM was wirelessly recorded in flow cell by interfacing the diamond microelectrodes with the CMOS microelectronics.
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